Abstract-The implementation of a fully reconfigurable Cognitive Radio (CR) system relies heavily on the availability of high-quality reconfigurable RF components. This paper gives a review of the recent progress made in realizing high-performance tunable RF MEMS components for reconfigurable RF front-ends. The concept of the highly-tunable high-Q evanescent-mode tunable resonator is first discussed. Several practical considerations, such as power handling, noise and vibration perturbations are subsequently considered. These high performance tunable RF components are expected to make a significant impact on the development of reconfigurable RF systems.
I. INTRODUCTION
The last decade has seen tremendous progress in the development of wireless communication technologies. Ubiquitous connectivity and increased functionality are the main driving forces of ever increasing complexity in modern wireless communication systems. For example, with the advent of 4G networks, cell phones are expected to be compatible with several standards (2G to 4G) covering 40+ frequency bands from 700 MHz to 2, 700 MHz [1] . Such complexity coupled with stringent low-cost and low-power requirements impose unique challenges to the RF system designers.
The well-known Software Defined Radio (SDR) [2] and Cognitive Radio (CR) [3] concepts have been proposed to tackle these challenges. While a number of different SDR and CR architectures have been proposed, in general, SDR or CR systems should be able to sense the frequency spectrum and alter their operating parameters depending on the available bands. This typically requires the ability to reconfigure the radio's hardware and particularly the RF front-end, over a wide frequency range.
The implementation of a fully reconfigurable RF front-end relies heavily on the availability of reconfigurable RF components. Whereas active circuits are relatively easier to tune, making high-quality low-power widely tunable passive components in mobile form factors has proven to be particularly challenging. For example, RF filters are common but critical components in the RF front-end. Traditional technologies for making tunable RF filters, such as ferrimagnetic resonators, micromechanical resonators, cavity resonators, varactor loaded planar resonators, offer excellent performance in few important areas, but fail to satisfy all necessary requirements and desires.
Recently, highly loaded evanescent-mode resonators have emerged as a very promising candidate component for making widely tunable high-Q filter [4] , [5] , [6] . This paper reviews the authors' recent efforts in developing high performance RF MEMS tunable evanescent-mode cavity filters for reconfigurable RF front-ends. We emphasize on illustrating the concept as well as presenting several practical considerations. The paper also discusses the potential impact of this technology in existing RF design paradigms.
II. MEMS TUNABLE EVANESCENT-MODE RESONATORS/FILTERS
The resonant frequency and unloaded quality factor of evanescent-mode cavity resonators are found to be functions of the cavity size, post size and gap between the post top and cavity ceiling. In the highly-loaded case, i.e. when the capacitive gap between the post and the cavity top wall is very small, the resonant frequency is very sensitive to . Fig. 1 shows the simulated resonant frequency and of a highlyloaded evanescent-mode resonator. It can be seen that a gap change in the order of micrometers can result in a frequency change of several GHz. of a highly-loaded cylindrical evanescent-mode cavity resonator [6] . The inset shows a cross-section view of the resonator. Fig. 2 shows the concept illustration of a MEMS tunable evanescent-mode resonator. When a bias voltage is applied on to the electrode, electrostatic force pulls the diaphragm away from the capacitive post resulting in a change in the resonant frequency. Since no current path is distorted within such a design, the high of the cavity resonator is maintained.
Bia Electrode

MEMS Diaphragm Actuator
Capacitive Post This type of MEMS tunable resonators have demonstrated excellent RF performance. Liu et al. [7] reported a continuous tuning range of 1.9 − 5.0 GHz (2.6 : 1) with of 300 − 650. The required actuation voltage is less than 140 V. In [6] , such resonators have been used to make a very narrowband 2-pole tunable filter. Fig. 3 shows the measured filter responses across the tuning range. Insertion loss of 3.55−2.38 dB (without connector loss) has been achieved for a 0.7% fractional bandwidth over 3.04 − 4.71 GHz. The extracted is 470 − 645. A distinctive advantage of the MEMS actuators is their stable and hysteresis-free mechanical characteristics. Although piezo-electric actuated tunable filter can achieve a higher tuning range and [4] , the inherent hysteresis and drift of the piezo-electric actuators become difficult engineering problems when precise automatic control of the filter response is required. Electrostatic MEMS actuators, on the other hand, are known to be hysteresis free. Fig. 4 provides an experimental validation of the hysteresis-free nature of the MEMS actuators.
III. POWER HANDLING
The above demonstrated resonators/filters can be used in a wide range of applications, such as measurement instrumentation, wireless communication and sensing systems. These applications have different power handling requirements, ranging from milliwatts to tens of watts. In order to determine the potential applications of this technology, the authors have carried out extensive theoretical analysis and experimental characterization of its power handling capability [8] . Fig. 5 shows a picture of the measurement setup. An example measurement of the large-signal response of a MEMS tunable evanescent-mode resonator is shown in Fig. 6 . With moderate input power, the frequency response shifts to the lower frequency and an asymmetrical distortion can be observed. When the input RF power is sufficiently high, a discontinuity in the frequency response can be observed. Significantly higher power levels in the orders of several Watts can be achieved with compromises in the tuning range of the resonator/filter. Bifurcation Instability Fig. 6 . Measured large-signal frequency response of a MEMS tunable evanescent-mode resonator with different input power levels [8] .
Theoretical analysis successfully explains the observed nonlinear behavior [8] . When an RF signal is fed through the resonator, there exists an electrostatic force in the opposite direction of the bias force . tends to pull the diaphragm actuator towards the capacitive post and is responsible for the frequency shift towards lower frequency. Theoretical analysis also predicts the limiting power when bifurcation instability occurs. Based on the theory, an equivalent circuit has been used to model the non-linear behaviors of these tunable resonators and filters with excellent accuracy. Such analysis provides great insight into the design compromises between power handling, tuning range and actuation voltages.
IV. IMPACT OF BIAS NOISE
Due to the analog tuning nature of these filters, a stable DC bias voltage is required to maintain a stable frequency response. However, in integrated RF electronics and systemson-chip, obtaining a clean and stable high-voltage DC supply may be challenging. When a low frequency noise is present with the bias voltage, signal distortion can be observed. The error vector magnitude (EVM) is calculated to quantify the amount of signal distortion due to bias noise on the MEMS tunable filters. Fig. 7 shows the measured EVM of an evanescent-mode resonator under bias noise of different frequencies and amplitudes [9] .
Resonance of the MEMS Tuner Fig. 7 . Measured EVM of a 2-pole evanescent-mode filter under bias noise of (a) different frequencies and (b) amplitudes [9] .
The impact of bias noise on signal distortion can be mitigated in an evanescent-mode filter by using the "anti-bias" topology [10] , in which the actuation voltages on the two resonators are kept the same in magnitude but opposite in sign. In this configuration, the noise-induced diaphragm vibrations are out of phase, canceling part of the signal distortion. Fig. 8 shows a comparison of the output spectrum of a two-pole MEMS tunable evanescent-mode cavity filter with same-and anti-biased electrodes. A measured sideband reduction of up to 13 dB can be observed. V. IMPACT OF MECHANICAL VIBRATION The impact of mechanical vibration on the RF performance is another concern when the resonators/filters are to be deployed in the field. External mechanical perturbation can cause the diaphragm actuator to vibrate, which creates an instantaneous change in the RF resonant frequency. This frequency variation can lead to unwanted amplitude and phase modulation of the RF signal that passes through the resonator, leading to signal distortion and degradation of the system performance [11] .
Experimental characterizations of the impact of mechanical vibrations have been carried out using an electrodynamic vibration table [11] . Fig. 9 shows the measurement setup and Fig. 10 shows the measured EVMs for different vibration frequencies and amplitudes. The EVM is seen to peak at the resonant frequency of either the measurement fixture (considered a measurement artifact) or the mechanical resonant frequency of the MEMS tuner itself. There is also a clear linear relationship between the EVM and the vibration amplitude. However, for common vibration conditions (< 100 Hz and < 1g), vibration induced signal distortion is minimum.
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Real Time Spectrum Analyzer Digital Modulation Signal Generator Shaker Fig. 9 . Measurement setup for characterizing the impact of mechanical vibration [11] . , no hysteresis and near zero power consumption. Several practical considerations pertaining to the deployment of these resonators/filters have also been discussed. The availability of such high performance tunable RF components is expected to make a significant impact on the future development of cognitive radio systems.
